SUMMARY ATP-sensitive potassium channels (K ATP ) couple intracellular ATP levels with membrane excitability. These channels play crucial roles in many essential physiological processes and have been implicated extensively in a spectrum of metabolic diseases and disorders. To gain insight into the mechanism of K ATP , we elucidated the structure of a hetero-octameric pancreatic K ATP channel in complex with a non-competitive inhibitor glibenclamide by singleparticle cryoelectron microscopy to 5.6-Å resolution. The structure shows that four SUR1 regulatory subunits locate peripherally and dock onto the central Kir6.2 channel tetramer through the SUR1 TMD0-L0 fragment. Glibenclamide-bound SUR1 uses TMD0-L0 fragment to stabilize Kir6.2 channel in a closed conformation. In another structural population, a putative co-purified phosphatidylinositol 4,5-bisphosphate (PIP 2 ) molecule uncouples Kir6.2 from glibenclamide-bound SUR1. These structural observations suggest a molecular mechanism for K ATP regulation by anti-diabetic sulfonylurea drugs, intracellular adenosine nucleotide concentrations, and PIP 2 lipid.
In Brief
The structure of a pancreatic ATPsensitive potassium channel provides insights into channel assembly and regulation.
INTRODUCTION
Living organisms have developed various means to monitor energy status in order to maintain energy homeostasis. ATPsensitive potassium channels (K ATP ) can shut off their potassium ion permeation pathway upon increased intracellular ATP levels to enhance membrane excitability. By this way, they transform the cellular metabolic status into the electrical signals (Aguilar-Bryan et al., 1998; Seino, 1999) . These channels are broadly distributed in many tissues and involved in numerous essential biological processes. Particularly in pancreatic b cells, K ATP indirectly senses blood glucose concentration and gates insulin release. When blood glucose concentration is elevated, ATP concentration inside b cells also increases due to the active glucose uptake and metabolism. ATP can directly bind and inhibit K ATP , thereby leading to depolarization of b cell plasma membrane and activation of voltage-gated calcium channels. Calcium influx triggers insulin release from b cells (Ashcroft, 2006; Nichols, 2006) . Moreover, genetic mutations of genes encoding K ATP subunits cause diseases, such as neonatal diabetes, hyperinsulinism, DEND syndrome, and Cantú syndrome (Nichols, 2006; Quan et al., 2011) , manifesting that K ATP channels are important therapeutic targets. K ATP channel inhibitors, such as sulfonylureas, are widely used for treating type II diabetes, while K ATP channel activators, such as potassium channel openers, are used for treating hyperinsulinism and have shown great promise for myoprotection (Flagg et al., 2010) .
Functional K ATP channels are hetero-octameric membrane protein complexes that are composed of four inward-rectifier potassium channel 6 (Kir6, either Kir6.1 or Kir6.2) subunits and four ABCC (ATP-binding cassette, subfamily C) family member sulfonylurea receptor (SUR, as SUR1, SUR2A, or SUR2B) subunits, with a total molecular weight around 880 kDa. The channel pore-forming subunits Kir6 are identified to be the ATP sensor and their activity is regulated by PIP 2 (Baukrowitz et al., 1998; Shyng and Nichols, 1998; Tucker et al., 1997) . Kir6 subunits share sequence homology with other inward-rectifier potassium channels, such as G protein-gated K + channel 2 (GIRK2), which also is regulated by PIP 2 and has structures of multiple conformations available MacKinnon, 2011, 2013) . In addition, Kir6 subunits harbor C-terminal endoplasmic reticulum (ER) retention signals, and they are retained in the ER before being co-assembled with SUR subunits. Four Kir6 and four SUR subunits need to mask their ER retention signals mutually during the co-assembly process before being transported to the cell surface (Zerangue et al., 1999) . SUR subunits not only regulate the surface expression of K ATP channels but also mediate the activation effect of Mg-ADP and affect the pharmacological profiles of the channel (Aittoniemi et al., 2009 ). K ATP channels have different subunit combinations and pharmacological profiles in different tissues. Pancreatic b cell-specific K ATP channels are primarily composed of Kir6.2 and SUR1 subunits, and they are highly sensitive to anti-diabetic sulfonylurea drugs, such as glibenclamide.
Despite the progress in visualization of K ATP channels at low resolution (Mikhailov et al., 2005) , the molecular architecture of K ATP channels and the mechanism for SUR modulation of K ATP channel function remain elusive, in part due to the difficulties in expression and purification of such a large multi-subunit membrane protein complex. To date, there is not any structural information of K ATP with resolution better than 10 Å available. To elucidate the structure and mechanism of K ATP channels, we embarked on the structural study of intact K ATP channel complex with the aid of state-of-the-art cryoelectron microscopy (cryo-EM) technology. We determined the structure of a pancreatic K ATP channel to 5.6-Å resolution. This structure provides a molecular basis to understand the mechanism and regulation of this important channel family.
RESULTS AND DISCUSSION
Structural Determination of the K ATP Channel The K ATP channel, composed of Kir6.2 from Mus musculus and SUR1 from Mesocricetus auratus, was identified to be a suitable target for structural study by our screening. Co-expression of two subunits generated potassium conductance that was inhibited by ATP and glibenclamide applied to the intracellular side, which is the characteristic behavior of pancreatic K ATP channels ( Figure S1 ). The two subunits share 96% and 95% protein sequence identities with their human counterparts, respectively. The high sequence homology suggests that their structures can serve as competent models with which to interpret decades of human genetic and other functional studies on pancreatic K ATP channels.
The channel complex was heterologously overexpressed in mammalian cells, purified in detergent-solubilized micelles (Figures S1A and S1B) , supplemented with glibenclamide, and subjected to cryo-EM analysis ( Figures S2A and S2B ). The 3D classification procedure identified that K ATP channels had variable subunit stoichiometry, indicating that some of the protein complexes (classes 1.2, 1.3, and 1.4) were not fully assembled during the heterologous expression process ( Figure S2C ). Therefore, only a small dataset of fully assembled octameric particles with 4:4 stoichiometry (class 1.1) was subjected to further 3D classification, which identified a large degree of conformational heterogeneity, particularly with varying inter-subunit orientations ( Figure S2C ). Among these 3D classes, class 2.1 had an apparent 4-fold symmetry and was, therefore, chosen for further refinement, which yielded a structure at an overall resolution of 5.6 Å (by gold standard Fourier shell correlation [FSC] 0.143) (Figure S2C ; Table S1 ). Notably, the resolution at the core was better than the overall resolution of the map, with periodic bumps of typical a helices clearly discernible ( Figure S3 ). Initial models of Kir6.2 and SUR1 transmembrane domain 1 (TMD1)-TMD2, including TMD1, nucleotide-binding domain 1 (NBD1), TMD2, and NBD2 fragment, were generated by homology modeling based on available crystal structures of GIRK2, CFTR, and P-glycoprotein (Aller et al., 2009; Jin et al., 2012; Whorton and MacKinnon, 2011; Zhang and Chen, 2016) . Together with the model of TMD0 that was manually built de novo, we obtained a pseudo-atomic model for the K ATP channel complex (see the STAR Methods for details).
Overall Architecture of the K ATP Channel Complex
The top view of K ATP resembles the shape of cruciate flowers with four Kir6.2 subunits at the center and four SUR1 subunits at peripherals, occupying 3D space with a size of 160 3 160 3 130 Å (Figures 1A and 1B ; Movie S1). The gaps between SUR1 subunits are filled with lipid-detergent mixture in our map. Vertically, the channel has a two-layer architecture ( Figures 1B and  1C) . Half of the protein molecular mass locates within the transmembrane layer, forming the ion permeation pathway and regulatory signal transducer, while the other half locates intracellularly, sensing the changes of cellular ATP/ADP concentrations. Our reconstruction is of sufficient quality to resolve all of the 80 transmembrane helices, including three helices from each Kir6.2 subunit and 17 helices from each SUR1 subunit ( Figures  1D-1F) .
Structure of the Kir6.2 Channel Pore in a Closed State The structure of the tetrameric Kir6.2 channel closely resembles the structures of canonical inward-rectifier potassium channels with two-layer architecture: the KcsA-like TMD and the cytosolic globular domain (CTD) (Figures 2A and 2B) . By comparing Kir6.2 structure to GIRK2 closed-state structure (PDB: 3SYO) (Whorton and MacKinnon, 2011) (Figures 2C-2E ), we found that both the inner helix and outer helix of Kir6.2 transmembrane domain move inward, resulting in a narrower, closed inner helix gate (Figure 2C ). This suggests that the channel is in a non-conductive state, which is consistent with the fact that we supplied glibenclamide, a high-affinity inhibitor of K ATP , during cryo-EM sample preparation. By aligning their transmembrane domains, we found that the cytosolic domains of Kir6.2 have a 20-degree clockwise rotation relative to that of GIRK2 structure ( Figure 2E ). This probably reflects the differences among Kir subfamily channels. Calculated electrostatic surface potential clearly shows two patches with positive charges (Figure 2A ). One patch is formed by K67 on the outer helix, K170 on the inner helix, and H175 and R176 on the interfacial helix ( Figures 2B and S4A ). This is known to be a well-conserved lipid-binding site in Kir channels (Hansen et al., 2011) , and it has been reported that PIP 2 binding to this site can activate K ATP channels and shift the ATP inhibition curve to a higher concentration (Baukrowitz et al., 1998; Shyng and Nichols, 1998) . We didn't observe any extra density at this site in the class 2.1 structure.
Meanwhile, R50, K38, and K185 form the other positive patch that is unique to the Kir6 family ( Figure S4A ). This cluster of positively charged residues locates adjacent to a large cavity that is sufficient to accommodate the adenosine group of ATP (Figure 2B ). Previous structural modeling and functional studies showed that mutations of these positively charged residues could reduce ATP sensitivity (Antcliff et al., 2005; Ribalet et al., 2003; Shimomura et al., 2006) , indicating that they may form electrostatic interactions with phosphate groups of ATP. In addition, some of human disease-related mutations locate closely to the ATP-binding site ( Figure S4B ). In our map, this site is empty because we did not add ATP during sample preparation. The Kir6.2 structure described here thus reflects an allosterically inhibited closed state rather than the apo resting state, because the non-competitive inhibitor glibenclamide exerts the inhibitory effect through binding to SUR1, which is discussed later.
Structure of the SUR1 Subunit Kir6.2 channels are surrounded by four SUR1 subunits that can be further divided into a five-helix bundle TMD0, an adjacent cytosolic L0 loop, and an ABC transporter-like TMD1-TMD2 domain ( Figure 1F ) (Aittoniemi et al., 2009 ). The overall structure and transmembrane helix arrangement of TMD1-TMD2 are similar to that of CFTR, which is a chloride channel (Zhang and Chen, 2016) , and P-glycoprotein, which is a B-family ABC exporter ( Figures 3A-3C and S5) (Aller et al., 2009; Jin et al., 2012) . To be noted, the pesudo-2-fold symmetry axis of TMD1-TMD2 is not perpendicular to the lipid bilayer, indicating that TMD1-TMD2 is tilted on the membrane ( Figure 3C ). Furthermore, SUR1 TMD1-TMD2 is in an inward-facing conformation as the central cavity is fully accessible to the cytosolic face ( Figures  3B and S5) .
In functional ABC transporters, the catalytic site of ATP hydrolysis is formed by residues from both NBDs when they are in close proximity (Locher, 2016) . Residues from one NBD, such as the ABC signature motif (LSGGQ), and residues from the other NBD, such as glutamate of the Walker B motif, are required to form an active site. Vice versa, the second active site is formed reciprocally by a similar set of residues from both NBDs. But in SUR1, the glutamate on NBD1 and the ABC signature motif on NBD2 are not conserved. Therefore, like CFTR, SUR1 is functionally asymmetric in terms of nucleotide-binding sites: one site is consensus and the other is degenerate (Vedovato et al., 2015) . In our structure, NBD1 and NBD2 are well separated (Figures 3E and S5) , such that both of the active sites are not formed, emphasizing that SUR1 is in a catalytically inactive conformation. Although the available structures of CFTR and P-glycoprotein, as well as our SUR1 structure, are all in NBDseparated inward-facing conformations, the extents of their NBD separation are different and SUR1 in our structure has the smallest NBD separation ( Figure S5 ). The extent of NBD separation correlates with the exposure of central cavity to the cytosolic face. This is important for ABC exporters, since they need to bind cytosolic cargos using the central cavity. SUR1 is an orphan ABC transporter without any known transportable substrates, and its transporter activity has not been identified yet (Aittoniemi et al., 2009) . Nevertheless, our structure shows that, in NBD-separated inward-facing conformation, the central cavity of SUR1 has the accessible space to accommodate certain ligands if there are any.
Interface between TMD0 and TMD1-TMD2 of SUR1 At the interface between TMD0-L0 and TMD1-TMD2, the socalled lasso motif, which has been structurally defined in CFTR recently (Zhang and Chen, 2016) , bound onto M7 from TMD1 and onto M16 and M15 from TMD2 ( Figure 3A ). There is a piece of extra density surrounded by Lh1 and the Lh1-Lh2 loop of the lasso motif, M5-Lh1 loop, and M16 of SUR1 (Figures 3D and S6B) . Previous study showed that the SUR1 subunit harbors the glibenclamide-binding site (Mikhailov et al., 2001) . Therefore, we tentatively attributed part of this density to the high-affinity inhibitor glibenclamide. Moreover, it was reported that the S1238Y mutation on M16 of TMD2 reduced the apparent affinity of glibenclamide; Y230A or W232A mutation on Lh1 abolished photo affinity labeling of I-azidoglibenclamide (Ashfield et al., 1999; Vila-Carriles et al., 2007) . These results support our tentative assignment of glibenclamide. In our structure, the side chains of F1240 on M16 and W232 on Lh1 shape the putative glibenclamide-binding pocket, while the side chains of F236 and Y230 appear to contribute to the correct positioning of Lh1 ( Figure 3D ). Notably, a few amino acids on the M5-Lh1 loop are not modeled due to their flexibility, and it is possible that those amino acids contribute to part of the extra density described here. The N terminus of Kir6.2 also was reported to be involved in the high-affinity sulfonylurea drug binding and photo affinity labeling (Babenko et al., 1999; Koster et al., 1999; Reimann et al., 1999; VilaCarriles et al., 2007 ), but we could not locate the densities that account for the N terminus of Kir6.2 in our map, due to its intrinsic structural flexibility. Structurally, the putative glibenclamide at the interface between TMD0-L0 and TMD1-TMD2 acts like a wedge to stabilize SUR1 in an NBDseparated inactive conformation. In addition, it stabilizes the TMD0-L0 fragment in a conformation that could inhibit Kir6.2 opening. Interface between SUR1 and Kir6.2 SUR1 docks onto Kir6.2 using both the M1 helix and cytosolic loops from the TMD0-L0 fragment ( Figures 4A and 4D ). The M1 helix of SUR1 interacts with the outer helix of Kir6.2 in the lipid bilayer, and the cytosolic M3-M4 loop and M5-Lh1 loop of SUR1 interact with residues 41-56 on the Kir6.2 bA-IFH loop ( Figure 4D ). The bA-IFH loop is highly conserved within the Kir6 family ( Figure S4A ). It is not only directly involved in ATP binding but also close to the PIP 2 -binding site, indicating that it plays important roles both structurally and functionally (Figure S4A) . It was previously reported that E203K mutation on the M5-Lh1 loop of SUR1 and Q52E mutation on the Kir6.2 bA-IFH loop can cooperatively enhance ATP sensitivity and that SUR1 E203C and Kir6.2 Q52C mutants can be cross-linked by disulfide bond to lock the channel in a closed state (Pratt et al., 2012) . Our structure model, in which the M5-Lh1 loop interacts with the bA-IFH loop, is consistent with these findings (Figure 4D) . Moreover, part of the M5-Lh1 loop of SUR1 caps on the PIP 2 -and ATP-binding sites of Kir6.2 ( Figure 4C ), and there are a few positively charged residues, R193, K199, R202, and K205, on the M5-Lh1 loop ( Figure S6A ). It was reported that, in addition to Kir6.2, TMD0 of SUR1 can be photo-affinity labeled by 8-azido ATP (Babenko and Bryan, 2003) . Therefore, these positively charged residues of the M5-Lh1 loop of SUR1 might also directly mediate the binding of negatively charged PIP 2 and ATP. All of the Kir6.2 residues that interact with SUR1 locate before the pore helix, and this is consistent with the finding that the Kir6.2 fragment, composed of outer helix and N-terminal residues, is sufficient to interact with SUR1 (Schwappach et al., 2000) . Kir6.2 and SUR1 TMD1-TMD2 have little direct interaction but are bridged by TMD0-L0 of SUR1, indicating that TMD0-L0 is the major signal transducer that physically interacts with Kir6.2 and mediates the functional crosstalk between SUR1 and Kir6.2. This correlates with the data that co-expression of the TMD0-L0 fragment alone with Kir6.2 can modulate ATP and PIP 2 sensitivity and channel the behavior of Kir6.2 (Babenko and Bryan, 2003; Pratt et al., 2011) .
PIP 2 Uncouples Kir6.2 from SUR1 During the 3D classification, another class also displayed a slightly better density appearance than the rest of the classes ( Figure S2C ). This class 2.2 was further refined to 8.5 Å without imposing any symmetry ( Figure S2C ). Discernible density for a helices allowed us to fit and model individual domains into the map by rigid body fitting. In the map of class 2.2, the peripheral TMD1-TMD2 of one SUR1 subunit (D subunit) largely deviates from the expected symmetric position of the other three (Figure S2C ; Movie S2), and the angles between adjacent SUR1 subunits vary from 81 to 100 degrees ( Figure 5A ). In the central region, the pore appears to be diagonally compressed, such that the 4-fold symmetry observed in class 2.1 is now broken, generating four groups of SUR1-Kir6.2 subunits pairs with nonidentical conformations ( Figure 5A ; Movie S2). From the top view of aligned Kir6.2 structures, we observed a closed pore in which the transmembrane helices of AC subunits move closer but the ones of BD subunits move farther apart, indicating that AC subunits keep the pore tightly shut but BD subunits are on the transition to a more dilated state, probably the open state ( Figure 5B ). From the bottom view, the CTDs of the class 2.2 structure have concerted 9-degree clockwise rotation compared with that of class 2.1 ( Figure 5C ). This is akin to the GIRK2 channel, in which the clockwise rotation of CTDs correlates with channel opening MacKinnon, 2011, 2013) . When structures of the Kir6.2-SUR1 subunit pairs were aligned (one pair of class 2.1 and two pairs of class 2.2, namely, subunits A and A' and D and D' in Figure 5A ), we found that SUR1 subunits are almost superimposable but Kir6.2 TMD and CTD have different conformations ( Figure 5D ). Moreover, we observed the putative glibenclamide density in all of the SUR1 subunits of the class 2.2 structure ( Figure S6C) , further emphasizing that all of the SUR1 subunits are likely in the same glibenclamide-bound inactive conformation but Kir6.2-SUR1 interfaces are different. In addition, we found that there is a piece of extra density between Kir6.2 subunits A and D ( Figure 5E ) and that the position of the density is similar to the position of the PIP 2 head group in other Kir structures (Hansen et al., 2011; Whorton and MacKinnon, 2011) . We tentatively assigned this density as PIP 2 , which might be copurified with the channel, although we cannot exclude other possibilities due to relatively low resolution of the class 2.2 structure. PIP 2 is a well-known activating lipid for K ATP (Baukrowitz et al., 1998; Shyng and Nichols, 1998) . This correlates with our observation that the inner helices of Kir6.2 BD subunits are more dilated, even though the adjacent SUR1 is still in glibenclamide-bound inactive conformation and physically associated with Kir6.2. Therefore, structurally, PIP 2 likely renders Kir6.2 uncoupled from SUR1 and insensitive to glibenclamide inhibition. This is consistent with the findings that PIP 2 can produce sulfonylurea-insensitive current but does not shift the IC 50 of sulfonylureas (Koster et al., 1999; Krauter et al., 2001) . Conformational changes of both CTD and TMD of Kir6.2 are involved in uncoupling ( Figure 5D ), but, due to resolution limitation, we could not explicitly delineate which residues of Kir6.2 and SUR1 are involved. Currently, there is no conclusion of how many PIP 2 molecules are needed to open one tetrameric Kir6.2 channel with four available sites. In our non-conductive class 2.2 structure, there is one putative PIP 2 molecule bound, and we speculate that more PIP 2 molecules would shift Kir6.2 toward the fully open state.
There are other 3D classes (class 2.3, class 2.4, and class 2.5) that also have different overall conformations compared to class 2.1 and class 2.2 ( Figure S2 ), but we cannot model them due to their resolution limitation. Nevertheless, these observations suggest complex structural dynamics for K ATP , and they indicate that both the heterogeneous binding of lipids and the intrinsic structural flexibility might contribute to the regulation of the channel. Model for K ATP Gating Our K ATP structure represents an allosterically inhibited state, in which glibenclamide-bound SUR1 on one hand uses TMD0 to bind the transmembrane domain of Kir6.2 and on the other hand uses cytosolic loops to inhibit the rotation of Kir6.2 CTD to prevent channel opening ( Figures 6B and 6E ). Because glibenclamide and ATP have positive functional cooperativity (Virá g et al., 1993), Kir6.2 in allosterically inhibited conformation should be compatible with ATP binding. Therefore, we speculate that an ATP-inhibited state and a glibenclamide-inhibited state share similar overall structures. When ATP is largely consumed in the cell, bound ATP dissociates from Kir6.2 to relieve the inhibition. In the meantime, with elevated ADP level, Mg-ADP binds to SUR1 to glue NBD dimers together, leading to the activation of SUR1. In ABC transporters, the association of two NBDs is accompanied by conformational change of the transmembrane domain (Locher, 2016) . These known conformational changes of ABC transporters, if mapped onto SUR1, would cause a relative motion between M6 and M7 of TMD1 and M15 and M16 of TMD2, which would further affect the conformation of the adjacent lasso motif of the L0 loop. When SUR1 is in active conformation, the glibenclamide-binding site is structurally blocked or disrupted, because glibenclamide and Mg-ADP have negative functional cooperativity (Hambrock et al., 2002) . The conformational changes during SUR1 activation can be further transmitted to other regions of TMD0 and the L0 loop to relieve their inhibitory effect on Kir6.2 CTDs and promote channel opening. As a result, Kir6.2 CTDs rotate clockwise to drive the pore open ( Figures 6C and 6F ). In contrast, PIP 2 has a different activation mechanism from Mg-ADP. PIP 2 can directly activate the Kir6.2 channel, and, more importantly, it can act as a clutch to uncouple the Kir6.2 from sulfonylurea-bound inactive SUR1 ( Figures 6A and 6D) .
In summary, our structures reveal the architecture of the mammalian K ATP channel family, and they provide a plausible mechanistic model for K ATP regulation by anti-diabetic sulfonylurea drugs, intracellular ATP/ADP concentrations, and PIP 2 lipid.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell Culture Sf9 cells were cultured in Sf-900 III SFM medium (Thermo Fisher Scientific) at 27 C. HEK293 GnT1 -suspension cells were cultured in Freestyle 293 medium (Thermo Fisher Scientific) supplemented with 1% FBS at 37 C with 6% CO 2 and 70% humidity.
METHOD DETAILS

Construct Screening
The cDNAs of SUR1 from Homo sapiens and Mesocricetus auratus (XP_005084737) (Aguilar-Bryan et al., 1995) , SUR2A and SUR2B from Rattus rattus (Inagaki et al., 1996) were cloned into non-tag BacMam expression vector (Goehring et al., 2014) . The cDNAs of Kir6.1 and Kir6.2 from Mus musculus (Woo et al., 2013) , Danio rerio and Gallus gallus were cloned into C-terminal GFP tagged BacMam expression vector which also contains two Strep tags and one His 8 tag. Various SUR and Kir6 combinations were screened by co-transfecting vectors encoding two subunits into HEK293 GnT1 -cells. Cells were harvested 60 hr post-transfection and solublized in TBS (20 mM Tris pH8.0 at 4 C, 150 mM NaCl) + 1% digitonin (Merck, Calbiochem). Cell lysates were cleared by centrifuge at 40,000 rpm for 30 min and supernatants were loaded onto superose 6 (GE Healthcare) for FSEC analysis (Kawate and Gouaux, 2006) . Based on octamer assembly and expression levels, the combination of maSUR1 (ma: Mesocricetus auratus) and mmKir6.2 (mm: Mus musculus) was selected and expressed in BacMam system for further structural characterization. Sequencing identified the expression construct for maSUR1 contains one point mutation Q608K. But the electrophysiology properties of SUR1 Q608K mutant are comparable to those of wild-type SUR1 in term of ATP inhibition, glibenclamide inhibition, and Mg-ADP activation when co-assembled with mmKir6.2 ( Figure S1 ).
Electrophysiology
Expression constructs of wild-type mmKir6.2 and wild-type maSUR1 or maSUR1 Q608K mutant were cotransfected into HEK293F cells (the mass ratio of Kir to SUR plasmids is 4:6) at density of 1x10 6 cells/ml using PEI and cells were cultured 36-48 hr before recording. Currents were recorded using inside-out mode at +60 mV through an Axopatch 200B amplifier (Axon Instruments, USA). Patch electrodes were pulled from a horizontal microelectrode puller (P-1000, Sutter Instrument Co, USA) to a tip resistance of 6.0-9.0 MU. The pipette solution contained (mM):140 KCl, 1.2 MgCl 2 , 2.6 CaCl 2 , 10 HEPES (pH 7.4, NaOH) and the bath solution contained (mM): 140 KCl, 10 EGTA, 1 MgCl 2 , 10 HEPES (pH 7.4, NaOH). Signals were acquired at 20 kHz and lowpass filtered at 5 kHz. Data were further analyzed with pclampfit 9.0 software and filtered at 1kHz.
Protein Expression and Purification
For large-scale expression, HEK293 GnT1 -cells (grown in free style 293 medium + 1% FBS, 37 C) in suspension were grown to a density of 2.0 3 10 6 ml À1 and then were coinfected by two BacMam virus carrying maSUR1 and mmKir6.2. 10 mM sodium butyrate was added 12 hr post-infection and the temperature was lowered to 30 C. Cells were harvested 60 hr post-infection and broken by sonication in TBS + 1 mg/ml aprotinin, 1 mg/ml leupeptin, 1 mg/ml pepstatin and 1 mM PMSF. Unbroken cells and cell debris were removed by centrifugation at 8,000 rpm for 20 min. Supernatant was centrifuged at 40,000 rpm for 1 hr in Ti45 rotor (Beckman). Membrane pellets were harvested and frozen until use.
For purification, membrane pellets were homogenized in TBS and then solubilized in 1% digitonin for 30 min at 4 C. Unsolubilized materials were removed by centrifugation at 40,000 rpm for 40 min in Ti45 rotor (Beckman). Supernatant was loaded onto 2 mL TALON resin (Clontech) by gravity flow to remove free GFP. Fractions that flow through from TALON resin were loaded onto streptactin superflow high capacity resin (IBA) by gravity flow. Resin was further washed by TBS + 0.1% digitonin and protein was eluted by TBS + 0.1% digitonin + 1 mM EDTA + 5 mM desthiobiotin. Eluted protein was further concentrated by 100-kDa cut-off concentrator (Millipore) and loaded onto superose 6 (GE Healthcare) running in TBS + 0.1% digitonin.
Peak fractions that contain both SUR1 and Kir6.2 were combined and concentrated to A 280 = 5, at estimated concentration around 5 mM octamer. Typical yield was 50 mL protein from 10 L cells. The proteins were supplemented with 2 mM EDTA + 20 mM glibenclamide (TCI) and incubated for 2 hr before cryo-EM sample preparation.
EM Sample Preparation
Cryo-EM grids were prepared with Vitrobot Mark IV (FEI) at Institute of Biophysics, Chinese Academy of Sciences. GiG R1/1 holey carbon grids were glow-discharged for 90 s using 50% Ar and 50% O2. Approximately 2.5 mL aliquots of K ATP complex sample were applied to glow-discharged grid and then the grid was blotted with blotting force of level 3 for 4 s at 100% humidity (22 C) before plunge-frozen in liquid ethane.
Cryo-EM Data Acquisition
Cryo-grids were screened on a Tecnai F20 (FEI) operated at a voltage of 200 kV with an eagle 4k x 4k CCD camera (FEI) or a Tecnai Arctica microscope (FEI) operated at 200 kV using a Falcon II 4k x 4k camera (FEI). The screened grids were transferred into a Titan Krios (FEI) operated at 300 kV and images were collected using Falcon II camera with a nominal magnification of 75000x, corresponding to a calibrated pixel size of 1.08 Å at object scale, and with defocus ranging from À1.5 mm to À3.0 mm. Data acquisition were performed automatically using AutoEMation2 (developed by J. Lei) in the movie mode with a dose rate of 25.5 e À Å À2 s À1 and a total exposure time of 1.6 s, which yields a stack of 26 frames for each micrograph.
Image Processing
Six batches of data (15,916 micrographs in total) were collected. Global motion correction was first performed with all 26 frames of the micrographs using MOTIONCORR1 (Li et al., 2013) , producing motion-corrected frame stacks and summed micrographs. The motion-corrected frame stacks from MOTIONCORR1 were further processed by sub-region motion correction and dose weighting using MOTIONCORR2 (Zheng et al., 2016) , in which the frames were divided into 5x5 sub-regions and aligned locally. The summed micrographs with or without dose weighing were generated from MOTIONCORR2. The software SPIDER (Shaikh et al., 2008 ) was used to screen raw micrographs. Contrast transfer function parameters were estimated using CTFFIND4 (Rohou and Grigorieff, 2015) on the summed micrographs without dose weighting produced from MOTIONCORR2. Particles were auto-picked from the first batch of data (1487 micrographs) using SPIDER and reference-free 2D classification was performed using RELION 1.4 (Scheres, 2012) . The resulting 2D averages were served as the templates for particle auto-picking on summed micrographs produced from MOTIONCORR1 using GPU-accelerated RELION 2.0 (Kimanius et al., 2016) . Final particles were extracted from summed micrographs produced by MOTIONCORR2 without dose weighting according to the coordinates generated during the particle auto-picking. Two round of reference-free 2D classifications were performed with RELION 1.4 to remove noise particles and partial particles with incomplete complexes, resulting in a dataset of 598.6 K particles for further analysis. Subsequently, several rounds of 3D classification were performed to further exclude particles that are incomplete in subunit organization, such as those lacking one (class 1.2, 23.8%, Figure S2C ), two or three SUR1 subunits (class 1.3, Figure S2C ). To separate the particles of fully assembled complex as fully as possible, for each batch of data, a cascade of 3D unsupervised or supervised classification, with different parameters, were tested. Since the quality of protein samples and the results of the 2D and 3D classification were highly similar for data from batch to batch, and for simplicity, the exhibited statistics in Figure S2C were the results of merged dataset from all six batches of micrographs. After the preliminary 3D classification, all particles of fully assembled complex were re-centered (re-windowed from respective micrographs) according to the x-and y-offset during 3D classification and merged together (class 1.1, 159.6 K in total, 26.7%) for further 3D classification. Different combinations of parameters were tested for optimal 3D classification results. As showed, 159.6 K particles were classified into 5 sub-groups, and two of them showed obviously more high-resolution features than the others ( Figure S2C , class 2.1, and class 2.2). Class 2.1 appeared to have a 4-fold symmetry (C4). Particles (without dose weighting) of class 2.2 could be refined to an 8.5-Å structure using a mask-based refinement (with a large soft mask containing detergent regions applied) ( Figure S3B ). For class 2.1, a C4 symmetry was imposed during refinement, and to improve the resolution as much as possible, a step-by-step refinement strategy was applied ( Figure S3A ). (1) Particles were first refined without soft masks; (2) Re-centering of particles were applied; (3) A soft mask (containing detergent regions, but not GFP tag regions) based refinement was performed with re-centered particles; (4) Final particles were re-windowed from dose-weighted summed micrographs and refinement was done with a soft mask containing detergent regions; (5) Final round of refinement was done with a soft mask excluding detergent regions, resulting in a final density map of 5.6 Å (based on gold standard FSC 0.143, after correction for the use of masks). The final map was sharpened by a B-factor of À200 Å 2 using RELION 2.0. In addition, to improve resolution of specific subunits or domains, mask-based focus refinement (with the mask corresponding to Kir6.2, Kir6.2 and TMD0-L0 of SUR1, SUR1, or TMD1-TMD2 of SUR1) was performed. Different parameters were tested in generating these subunit/region-specific soft masks (options in RELION, with width_soft_edge ranging from 3-10 and with different values of ini_threshold). We noticed that during the iterative refinement the density at the edge of the mask was gradually enhanced while the resolution of mask-defined region became slightly worse. This mostly likely is due to the fact that a large amount of detergent-phospholipid mixture is present in our sample. High-contrast phospholipids might have dominated the structural alignment during focus refinement and blurred the protein regions. We tested to provide soft masks with larger fall-off width at the boundary (width_soft_edge) and to limit the local angular search to smaller step-size, such as 1.8 or 0.9 degree. These attempts could partly reduce the undesired density enhancement at the edge of the masks, but the defined regions within the masks showed no improvement.
From the local resolution map ( Figure S3 ), regions of peripheral SUR1 subunits display relatively lower resolution compared to the core regions, likely due to their orientation deviation from ideal C4 symmetry. Thus, a previous method was used to tackle this pseudo-symmetry problem (Zhou et al., 2015) . One tetrameric particle was regarded as four copies of an asymmetric unit and each of them was treated as a single-particle. The Euler angles of the other three copies were obtained by applying a symmetryrelated rotational matrix (relion_particle_symmetry_expand). Subsequently, 3D classification with local soft masks containing only one SUR1 subunit or TMD1-TMD2 of SUR1 subunit were performed (with image alignment skipped). In order to optimize the classification, we also tried the method of ''signal subtraction,'' only using the density corresponding to define regions for 3D classification . Around 75% of all particles were included in a single major class after 3D classification, and they were further refined either without or with local soft masks applied. However, none of these attempts have significantly improved the final refined density maps.
Model Building
The models of Kir6.2 and SUR1 TMD1-TMD2 are generated by Swiss model (Biasini et al., 2014) using closed state GIRK2 channel (PDB: 3SYO [Whorton and MacKinnon, 2011] ), P-glycoprotein (PDB: 4M1M (Li et al., 2014) and 4F4C (Jin et al., 2012) ), CFTR (5TSI) (Zhang and Chen, 2016) as template. The homology model is docked into class 2.1 cryo-EM map by chimera and manually adjusted in coot according to the density (Emsley et al., 2010) . Model building and refinement were aided by maps filtered to 5 Å resolution and sharpened by different B factors. TMD0-L0 was built de novo manually according to known topology, helix connectivity, the extra density of extracellular N-terminal extension of M1 and evolutionary coupling scores (Hopf et al., 2012) . The amino acid register of most parts of TMD0-L0 cannot be explicitly determined due to insufficient side chain density. Therefore, side chains of TMD0-L0 (before lasso motif) were removed for deposition. Due to the lack of distinct features of glibenclamide density, the exact rotamer conformation and orientation of glibenclamide cannot be determined. Therefore glibenclamide is not included in deposited coordinates. The model was further refined by phenix.real_space_refine (Adams et al., 2010) . For the class 2.2 structure, the class 2.1 structure is first fitted into density maps by chimera and then refined by rigid_body protocol implemented in phenix.real_space_refine. Figures are prepared with Pymol (Schrö dinger, LLC.) or Chimera (Pettersen et al., 2004) . We suggest cautious interpretation of our structural model, especially at the TMD0-L0 region, because of lack of highly homologous models and the intrinsic positional uncertainty due to limited available structural information at 5.6 Å resolution.
QUANTIFICATION AND STATISTICAL ANALYSIS
The orientation distribution of the particles used in the final reconstruction was calculated using RELION 2.0 (Kimanius et al., 2016) . The local resolution map was calculated using ResMap (Kucukelbir et al., 2014) .
DATA AND SOFTWARE AVAILABILITY
Data Resources
The accession number for the class 2.1 3D cryo-EM density map reported in this paper is EMD: EMD-6689. The accession number for the coordinates of the K ATP structure reported in this paper is PDB: 5WUA.
